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NOTICE

This report was prepared as an account of Government sponsored
work. Neither the United States, nor the National Aeronautics
and Space Administration (NASA), nor any person acting on behalf
of NASA:

A.) Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness, or
usefulness of the information contained in this report,
or that the use of any information, apparatus, method,
or process disclosed in this report may not infringe
privately owned rights; or

B.) Assumes any ligbilities with respect to the use of or for
damages resulting from the use of any information, ap-

paratus, method or process disclosed in this report.

As used above, "person acting on behalf of NASA" includes any
employee or contractor of NASA, or employee of such contractor,
to the extent that such employee or contractor of NASA, or em-~
ployee of such contractor prepares, disseminates, or provides
access to, any information pursuant to his employment or contract

with NASA, or his employment with such contractor.
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ABSTRACTS

SECTION I. THE MECHANISM OF VARIOUS TYPES OF HIGH RATE ELECTRCDES

The shape of the meniscus in the model porous electrode and the
contact angle have been determined by two methods: interferometry and
reiiection technique. Numerical solutions of equations set up for a
finite contact angle model, taking into account resistance, diffusion
and activation control have been obtained. The calculated current-
potential relations were in extremely good agreement with experimental
results obtained for H, ionization and Op reduction reactions.

The electrochemical behgvior in the model pore is extremely
sensitive to the contact angle. Very high local current density over
small parts of the meniscus indicates the possibility of utilizing
extremely small amounts of catalyst to obtain relatively high power

from a porous electrode.



SECTION II, THE MECHANISM OF ELECTROCATALYSIS

The catalytic activity of simple electrode reactions (HZ/H+ ;
Fe2+/Fe3+) is studied on a number of alloys. Data are given for hydrogen
evolution reaction on a series of Pt-Ni, and for Fe3+/Fe2+ on Au-Pd
alloys. In the latter, exchange current density first increases and

then decreases with increasing at % of Au in alloys. Maximum appears to

occur at the point where d-band is expected to be filled.
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ITII. THE ELECTRICAL DOUBLE LAYER AT THE SOLID-SOLUTION INTERFACE

Capacitance behavior of gold electrodes in dilute solutions
was studied under high purity conditions. The minimum in the capacity-

potential curve in & 10-3 N HC10y solution was found to be at + 170 mv

vary with pH in acidic solutions. At pH 9 the potential of zero charge
was found to be + 10 mv (N,H.E,). Although a slight variation in
capacitance with frequency was found, the position of potential of

zero charge was independent of frequency.
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SECTION IV, ADSORPTICN IN THE DOUBLE LAYER WITH

SPECIAL REFERENCE TO THERMAL EFFECTS

Potential sweep method of measuring adsorption was utilized to
obtain data on adsorption of ethylene and benzene as & function of
potential. Results have been compared with those obtained by radio-
tracer method. Analysis of the agreements and discrepancies observed

is under way.

viii



Section V. Electrode Kinetic Aspects of

Electrochemical Energy Conversion

Expressions for the current distribution and overpotential as a
function of current density are derived for the simple pore model of the
porous electrode assuming all forms of polarization and for the cases of
activation-concentration and of activation-ohmic polarization. It is
shown that the one dimensional treatment is applicable up to one-tenth
of the limiting current for the case of activation-concentration polari-
zation. By using the numerical values of the variousparameter (e.g.,
diffusion coefficient solubility of reactant gas in electrolyte, exchange
current density, specific conductance of electrolyte) it is shown that
the case of all forms of polarization reduces to that of activation-
concentration polarization., The case of activation-ohmic polarization
shows the interesting result that current densities can be increased by

a factor of lO3

times if concentration polarization is eliminated, for
example, by using very soluble fuels or by circulating the electrolyte

saturated with the reactant through the porous electrecde.
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SECTICON I: THE MECHANISM OF VARIOUS TYPES CF HIGH RATE ELECTRODES

The object of the investigation of the model porous electrode
during the report period wes twofold:

1. Obtain current-potential characteristics for a reaction
with exchange current much lower then that of I,

2, Mapping of the interface by means of optical methods.

These objectives were investigated as follows:

1. Oxygen reduction was studied under purified conditions.
Although the exchange current is some lO7 times less than that of H2,
the general characteristic, namely the linearity of current-potential
relations is the same (see Figs. 1 and la, full lines). The slope
dV/dI depends on the height of the meniscus in the slot, increasing
with increase of path length.

2. The optical methods were used: (a) reflection study;

(b) interferometry.

The interferometric technique

for interference (this corresponds to the reference plane in the
interferometer). The liquid-gas interfaee is the other plame. Direct-
ing NaD light at this interface, an interference pattern is set up,
with dark fringes at positions where 2 nd = m §, (4 = thickness of
meniscus, ,( = wave-length; m = 0, 1, 2, 3.....3; n = refractive index
2 1.31).

The interference patterns at the meniscus were photographed



with 50 X magnification,

The reflection technique

This is illustrated in Figure 2. The light from a point source
is directed at the interface and reflected into the microscope directed
at 90° to the Pt surface. Thus, beams refle¢ted from points above the
curvature of meniscus can be seen only if the angle of incidence 0 = 0°;
at larger angles (position 1, Fig. 2) no reflection is seen in the
microscope. Raising the light source a point is reached, where the
reflected beam first appears in the microscope, indicating the beginning
of the detectable curvature of the meniscus. Measuring the angle 2 @
by reflection of the beam from several points on the meniscus curvature,

its shape was determined over 125 j= of the meniscus height,

Accuracy of the determination of 8

The microscope is placed on the cathetometer stand at the
distance of 10 cm from the Pt surface. The angle © is given by
tan 2 @ = h/lO. The height, h, can be measured with an accuracy of
+ :I.O-2 cm. Another source of error is the angle of the acceptance of
the microscope, which is 0.0350.

Thus the accuracy of the measurement is

Oten 2 6 = + (103 + tan 0.025) = + 0,001k

which corresponds to A® = + 0.04°,



Results and Discussion

1. The contact angle

Approaching the meniscus from above, the angle € is continuously
0, until ebruptly its value jumps to ~ 1.5°, and then continuously
nereasss. 4n view oL vne gbove accuracy of © measurement - 0.0ME, this

indicates that there is a discontinuity at the interface, and that the

meniscus ends with a finite contact angle.

The value of this angle depends on polarization.

This discontinuity reveals itself also in interfercmetric
measurements by the abrupt black edge of the meniscus contrasting with
the bright reflection from the surface above (see Fig. 3). The above
picture corresponds to a wedge type £ilm with the dark fringes at the

apex (m = 0) and at thickness d = n {/2n.

Meniscus shape

This was mapped on the basis of the values of © found by reflec-
tion technique, and independently, on the basis of the thickness of
the meniscus edge obtained by interferometric technique. Both data
agree remarkably well (see Fig. 4), as may be seen by comparison of
position of fringes observed and calculated from results obtained by
reflection.

The mapped curvature fits to a cubic equation with a very small

coefficient at x° (x - distance from top of meniscus).



Current-potential relation

A program has been set up for use with "QUIKTRAN" and/or "FORTRAN",
for the solution of the differential equations for the "finite angle"

meniscus. Provision has been made for studying the effects of all

narameters includineg tha shana of the menigene. and +ha comhinstiom Af
- —e— - T ——————— - — ———— hahend Tt sSweasmen = wm— 2 ——e W - T TR ARG w e — -

resistance, activation and diffusional control. A quadratic equation
was used to describe the shape of meniscus., The fit was good, as might
be expected by the small coefficient at x3.
The numerical solution obtained is in reasonsbly good agreement
with experimental results (see Figs. 1, la) not only in that the current-

potential relation is linear, but in the absolute values of currents

calculated and observed.
Conclusiqg§

1., The theoretical treatment of the finite angle meniscus
model assumed on the basis of optical experiments yields current-
potential relationship, as well as the absolute values of current in a
remorkably
. Local current densities obtainable in cells corresponding
to this model may be extremely high (exceeding 100 A cm™2).

3. The extremely high local power densities explain completely
the observed meniscus heating effect.

L, A multiporous cell satisfying the conditions of the finite
angle meniscus could yield high power with extremely small amounts of

catalyst.



Future Work

Further analysis of numerical results obtained from the computer

will be made and dependence of current on i_, © and potential will be

o
established,
An attempt will be made to construct a multiporous electrode

corresponding to the investigated medel,

Captions to Figures

Figure 1. Current vs voltage plot for H2.

Figure la. Current vs voltage plot for 02.

Figure 2. Geometry of the reflection technique.

Figure 3. Schematic representation of interferometric results.

Figure 4. Comparison of results obtained by reflection and interferom-

etry.
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FIG.3

Schematic representation of interferomeiric results,
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II, THE MECHANISM OF ELECTROCATALYSIS

1. Introduction

Electrocatalysis of Ha/ﬂf and Fe2+/Fe3+ reactions.

Catalytic activity of simple electrode reactions, that of HZ/H+
and Fez+/Fe3+, has been studied on different electrode materials. In
here, data are reported on the HQ/H+ reaction on Pt-N1 alloy series,

and of Fe2+/Fe3+ on Au-Pd alloys.

2. Experimental and Results

A series of Pt-Ni alloys were prepared by induction heating and
then by prolonged (7 days) annealing at high ( ~ 1100°C) temperature. With
this annealing a complete homogenization of alloys should be achieved.

Each glloy in the form of a bead was placed into Teflon holder as des~
cribed in the previous report. Further treatment of the electrode, and
the preparation of the solution has also been described in the previous
report.l Special care was taken to insure that the electrode treatment
does not result in separation of alloy components at the electrode
surface,

In Fig. 1, the exchange current densities for HQ/H+ are plotted
versus atomic % of Ni in Pt-Ni alloys. Data are for acid solution (1 N Hasoh)
Activity changes with atomic composition of alloys, but there is a dis-
tinct discontinuity at about 50 at %. It should be noted that the
mechanism of the reaction on Ni (b = 2RT/F) differs from that on Pt (RT/2F).
As would be expected, Ni-rich alloys have the same Tafel slope (and presum-

ably the mechanism) as Ni, and Pt-rich alloys as Pt.



In Fig. 2, date on the redox Fe2+/Fe3+ reaction are given.
Exchange current densities on Au-Pd alloys (and Pt) are plotted versus
lattice parameters of alloys. A line through experimental points is
tentatively drawn. Were the data plotted vs. at % of the alloys, similar
trend would be noticed. A characteristic of the plot is that the
ctivily dces change from one metel to smother and also hy alloying.
Further, there appears to be & maximum in sctivity., It is interesting
that the position of the maximum occurs at about 50 at % alloy, where it
would be expected that the electronic structure of alloys changes (and
the d-band of Pd beccmes filled). That exchange current demsity does
appear on electrode materisl is further shown in Table I in which data

for th’ TiC and TaC are given. For Table I please see page 7a,

3. Discussion

Results on Pt-Ni are in fact similar to those on Pd-Ni alloys.2
Thus, in the latter case (Fig. 3), linearity exists over the whole range
of lattice parameters (nearly the same scale as at % of alloy, and in
the former case over the end member only. The abrupt change in slope
occurs &t about is chenge must be due to the change in
mechanism of the reaction at this alloy composition.

The question may be asked what structural or electronic proper-
ties of alloy is this linearity due to? First of all, alloying must
affect exponential term in the overall rate equation. At this stage of
the analysis it appears that the observed change is due to the change

in the heat of H-adsorption. This would be possible if the bond strength



Ta

TABLE I
EXCHALGE CUKREMNT DE» SITIES FOR Fe3%/Fe’*

REACTIOL O SOME CARBIDE EIECTRODES

Electrodes io (amp/cu?)
B,C 6 107
TiC 2 1073

TaC 3 1o'h




between metal atoms in the alloy changes linearly with the alloying.

In the case of two similar atoms, as Ni and Pd, this linear change

may be expected. The magnitude of change (2.5 decades from Ni to Pd)

can be accounted for with the difference in heats of adsorption on

Ni and P4 electrodes, as experimentelly observed.3 Change in the ectivity

AP DE W2 aTTAve mmen mdand N o
Va & VUTild GubdVy WwCulh D ddibd ok Ay

Dependence of the activity of Fe2+/Fe3+ on the electrode material
and on alloying is not expected in simple redox reattions, unless some
interaction of reacting cations and the electrode existed. It is note-
worthy thet the maximum in activity occurs at the point where the
electronic structure of slloys is expected to change. This strongly
indicates that some electronic factors are involved in the catalysis of

the Fe2+/Fe3+ reaction. Further analysis is in progress.
4, Future Work

Further work will include more with non-noble metal alloys and

special compounds such as bronzes and oxide electrodes.
References:

1. Quarterly NASA Report, No. 6, 1 July 1965 to September 1965
2. Ibid.

3., Bond, Catalysis by Metal, Academic Press (1953).
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III, THE ELECTRICAL DOUBLE LAYER AT THE SOLID-SOLUTION INTERFACE

In the quarterly report period cepacitance behavicr of gold
electrodes was studied as a function of electrode potential =and fre-

quency.

1. Experimental

The apparastus used is described in a previous report l. It
consisted of g transformer ratio arm bridge, 302A Hewlett-Packsrd wave
analyzer and a Tektronix oscilloscope.

The electrode materisl used was Johnson Matthew 'Grade 1! gold.
The gold wire (7 cm) was spot-welded to & thin platinum foil (1 em x
0.2 cm) to the other end of which a small length (2 em) of platinum
wire was attached. The gold wire was put in a small capillsry attached
to a ~ 30" piece of !trubore! tubing and was sealed with pyrex gliass
under vacuum. The platinum foil formed a vacuum-tight seal with glass
after being heated strongly. If vacuum sealing of gold to glass was
not adopted, the wire was observed to melt inside the thin walled glass
¢ glass capillary was broken off at the regquisi
The glass tubing with the wire was cleaned with ispropyl alcohol,
distilled water and was kept in HI\IOB-HZSO,+ for several hours, It was
rinsed with distilled water and conductivity water several times.

The wire was melted into a fine spherical ball with an oxy-hydrogen
flame. The electrode was immediately transferred into a furnace made
to fit on top of the conventional electrolytic cell. The electrode was

heated in argon for 1/2 - 1 hour to remove the mositure, and in hydrogen
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for 10 - 20 minutes at 350°C and in argon at about LOO°C for another
hour or so. The electrode was cooled in the same atmosphere and slid
directly (without exposing to outside environment) into the main com-
pertment. It was surrounded by a platinized platinum spherical basket
which served as the counter electrode.

The solutions were prepared from analyzed reagent grade per-
chloric acid and sodium hydroxide and recrystellized sodium perchlorete
and redistilled conductivity water which was distilled directly into
the pre-electrolysis cell under purified nitrogen atmosphere. Solutions

2

were pre-electrolyzed between large pletinized platinum gauze (150 cm© geo)

electrodes, for at least 24 hours and maximum of 72 hours.
2. Results

Figure 1 shows the typical variation of capacitarce with poten-

tial on gold in 1073

N perchloric acid. There is no hysteresis in
capacitance, 1f the potential of the electrode is not made more than
200 mv positive or negative to the potential of zero charge. If the
electrode is taken to 1000 mv (r.h.e.) and the readings taken while
making the potential more anodic and then coming back in potential,
considerable hysteresis is seen to occur (Fig. 2). From Fig. 3, i% can
be observed that giving an ancdic and cathodic pulse does not change the
position of potential of zero charge.

Fig. 4 shows the effect of frequency on capacitance as a func-

tion of potential.

It can be seen that the capacitance does not change considerably
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as a function of frequency. The potential of zerc charge is independent
of frequency. The slight dependence of capacitance on frequency may be
explained by the imperfections on the metal surface.

It was observed that the potential of zero charge in acidic
solutions did not depend on pH. But in alkaline solutions we ware
unable to obtain capacitance curves similar to those in scidic solu-
tions with same ionic strength. Whereas reducing the ionic strength,
i.e. no addition of sodium perchlorate and very dilute sodium hydroxide
solutions (pH ~ 9) gave similar curves. The potential of zero charge
was found to be about + 10 mv (N,H.E.) as compered to + 170 mv (N.H.E.)
at tH 3.0. The shift of p.z.c, could be due to a combined effect of

OH™ adsorption and reduction of ionic strength of the solutions.
3. Future Work

Potential of zero charge on silver and nickel will be studi=d.
Also, apparatus will be designed and built for the measurement of the

potential of zero charge by a third independent method.
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IV. ADSORPTION IN THE DOUBLE LAYER WITH SPECIFIC REFERENCE

TO THERMAL EFFECTS

1. Introductiocn

In view of the importance of esdsorption measurements for deter-
mination of mechanism and understanding of electrocatalysis in fuel
cell systems, the methods of adsorption measurements must be critically
evaluated. In recent years the potential sweep method gained a great
deal of attention, since it is a relatively quick and easy wey of ob-
taining extremely well reproducible currept-potential transients. The
interpretation of these transients ,‘however , ralses serious doubts,

In order to check the validity of implicit assumptions contained
in the method, a comparison was made of the results obtained by a
previously developed radiocactive techn:i.q.uez’3 and by the potential

sweep, in two systems: benzene and ethylene dissolved in 1 N HQSOh.

2. Experimental

2.1 Potential-sweep Method

Platinized Pt bead serves as the potentiostated anode. Its
surface ares is derived from capacity measurements in the double layer
region in blenk solution (saturated with Na), assuming & capacity of
20 }LF cm-a. The electrode is prepared before eech potential sweep in
the way similar to that proposed by I\H.edra.ch,h i.e. it is potentiostated
for

(A) 10 secs at 1.7V
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(B) 20 secs at 1.2V

(C) 15 secs at 0.06 V
(A) - adsorption step in which the electrode is held for the desired
amount of time (t,) at the adsorption potential (Vy). After the period

t, a potential sweep is applied with a constant rate 4V /dt, reversing

the direction at the potential where O, evolution starts (~/1.6 - 1.7 V)

and returning back to V4 (see Fig. 1 Curve 1). The same potential
sweep, under identical conditions is previously cerried out in a blank
solution (Fig. 1 Curve 2), The difference in the areas of the anodic
current (i.e. above the O line in Fig. 1) is then assumed to be the

amount of coulombs used to burn off the adsorbed fuel.

2.2 Radiotracer Method

This was described in detail in Report No. 1 (1 Oct. 1962 -

31 March 1963).
3. Results

3.1 Determination of the useful sweep rate

Preliminary measurements with different sweep rates have been
done, for both systems: with benzene (7 x 10-6 M/1), and with ethylene
(% x 10°° M/1). The range between 0.1 and 1000 V/sec has been explored.
Fig. 2 shows dependence of coul/cm2 on different sweep rates. The
plateau is achieved between 0.3 and 1 V/sec for ethylene adsorption,
and between 0.1 and 2 V/sec for benzene. Therefore the sweep rates
used in subsequent experiments were 0.5 V/sec for ethylene and 0.2 V/sec

for benzene,




1k

Above the range of sweep rates in which the plateau is achieved,
Q decreases becoming negative at high sweep rates (AV/Dt > 100 V/sec).
Below this range higher values of Q obtained may be interpreted

as readsorption of ethylene and benzene, respectively, during the sweep.

3.2 Time dependence of adsorption

This is shown in Fig. 3: curve 1, benzene; curve 2, ethylene.

For both systems after ¢ "

potential sweep method. In view of these results tA

in determination of potential dependence of adsorption.

= 5 min no significant change is shown by

= 5 min was used

3.3 Potential dependence of adsorption

Fig. 4 (circles) represents the results obtained in investigated
potential region (from 100 - 800 nV); for benzene and Fig., 5 for
ethylene. Results obtained by radiotracer measurements are shown in

both Figures (triangles).
4, Discussion

The preliminary results obtained here do not allow yet to draw
conclusions as to the validity of the sweep method. There are large
differences n the time dependence of adsorption as measured by the
two methods: potential sweep indicating steady state after 3 - 5 min,
whereas the radiotracer method shows marked time dependence up to 30 min.
The shape of the © - V curve in the case of ethylene is different (cf.

Fig. 5). On the other hend the results of potential dependence of
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benzene adsorption (Fig. L) agree remarkably well. The agreement in
the latter case is better than that expected when taking into account

experimental errors.
5. Fubture Work

Further and more detailed comparison will be made between both
methods by obtaining the adsorption isotherms &t a few potentials for
benzene and ethylene.

Adsorption of naphthalene and n-decylamine will be investigated
by means of potential sweep method and compared with radiotracer results

obtained }'nreviously.5 /6

References

1. Three-querter Progress Report (1 Oct. 1965 to 30 June 1965).
(APPENDIX II).
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Figure 1.

Figure 2.

Figure 3.

Figure k.

Figure 5.
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CAPTIONS TO FIGURES

Typical i - V transient --- blank; —— with ethylene.
Dependence of charge on sweep rate, for ethylene in 1 N stoh
at 30°C. (Conc. of ethyleme 4 x 1072 mole/1).

Dependence of adsorption on time in 1 N HQSOH at V=0.3V
vs. N.H,E, Curve 1, la: benzene (7 x 1076 mole/l; t = 50°C)
Curve 2, 2a: ethylene (4 x 10”2 mole/1; t = 30°C)

1,2 - potential sweep method; la, 2a - radiotracer method.
Coverage-potential relatipnship for benzene in 1 N stoh

at 50°C. Concentration of benzeme 7 x 1070 mole/1.

..+ potentiasl sweep method; OO radiotracer method.
Surface excess~potential relationship for ethylene in

1 N EoS0}, at 30°C. Concentration of ethylene U x 1072 mole/1.

... potential sweep method; AN radiotracer method.
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V. ELECTRODE KINETIC ASPECTS dF ELECTROCHEMICAL ENERGY CONVERSION

THE KINETICS OF REACTIONS AT POROUS ELECTRODES

This work was carried out in collaboration with Dr. H. Hurwitz

A, The Simple Pore Mcdel

1. General

The structures of porous electrodes are quite complex. For the
purpose of simplifying the mathemetical treatment, the electrodes are
assumed to consist of uniform parallel cylindrical pores of some average
radius. Thus, one can analyze the current-potential relation in a
single pore and 'then' radii from the number of pores per cm? of cross
section of the porous electrode, obtain the current density-overpotential
relation of the reaction at the porous electrode.

Another useful relationship is the current distribution within
the porous electrode. This is obtained from the arelysis of the single
pore.,

For this purpose, two models -- the simple pore model and the
thin film model -- are chosen.(Fig. 17). These models represent in a
way the extreme types of the modes of operations which correspond to
non-wetting and wetting electrodes. The simple pore model is analyzed

in the present report.

2. Reaction Schenme

A reaction is considered to occur in the following consecutive

steps:
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Rgas —> Rsol,b (1)
Rsol,b - Rsol,e (2)
R —>R. e ” (&)
ads ads o

o+ -
Rogs —2 P + (n-1) e, (5)

R represents a gaseous reactant and P the products. The suffices b

and e stand for the gas-electrolyte boundary (vide models below) and
the electrode-electrolyte interface. It is assumed that equation (k)
represents the activation controlled step at the electrode. All steps
grouped together under equation (5) are assumed to be fast. As examples
of this type of reaction one may consider the hydrogen dissolution
reaction or oxidation of saturated hydrocarbons. A corresponding

cathodic reaction is that of oxygen reduction.

3. Description of simple pore model

A single pore of the electrode is represented in Fig., 1., A
cylindrical coordinate system is used. For simplicity, it is assumed
that the meniscus at the gas-electrolyte interface at z = 0 is flat.
The reactent gas diffuses through the pore to the gas-electrolyte inter-
face at z = 0, where it dissolves in the electrolyte and the dissolved
gas diffuses through the electrolyte tc the various electrocatalytic
sites along the pore at which the reaction occurs., In the following

treatment, it is assumed that the first and second steps of diffusion
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of reactant gas through the electrolyte free part of the pore (z < 0)
and of dissolution of the gas at the gas-electrolyte interface are fast.

The other steps of the reaction are represented by equations (1) to (5).

3. Theoretical analysis of model:

(1) Case where all forms of polarization are taken into account

A rigorous analysis of the current-potential relation and current
distribution in a single pore is a two-dimensional problem (due to
cylindrical symmetry). However, it is not possible to solve this two-
dimensional problem taking into account all forms of polarization. Thus,
the present analysis was carried out considering & concentration gradient
of reactant in one direction -~ the axial direction of the pore. The
assumption of & unidirectional concentration gradient is valid under
the conditions that the local activation controlled current density is
less than the limiting current density due to radial diffusion. Expressed

methematically this condition is

i, exp(pn F/RT) << poFc®/r, (6)

Further, the one-dimensional model is valid for currents up to about 10%
of the limiting current density in the pore (the validity of this assump-
tion is confirmed by considering the two-dimensional treatment for the
case of activation and coneentration polarization, details of which will
appear in a forthcoming publication).

The basic equations for the one-dimensional model are obtained

by considering a cylindrical element of thickness dz (Fig. 1).
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The current generated in this element (dI) is given by

dI = 2Tr,, dz io[ (e /c®) exp (BynE/em) - ex'p{-(l - p)v]F/RT}]
(7)
where io is the exchange current density for the reaction, c, is the
concentration at the electrode~electrolyte interface between z = z and
z =2 + dz and 'q is the overpotential at z = z.

The chmic drop in the element dz is given by

an = T(dz/x T r:) (8)
where K is the specific conductivity of the electrolyte and I is the
total current generated from z = 0 to z = z.

The third important relation is obtained by using the stationary

state hypothesis for the reactant R in the element dz. Thus,
dI/dz = T\'rg DF (decz/dzz) (9)

where D is the diffusion coefficient of the reactant in the electrolyte.

The boundary conditions for this problem are

77='\70atz=0 (10)
I=Ii‘n'r§(8’r]/3z)=0atz=0 (11)
c=catz=0 (12)
]Trg DoF(Jc/d z) = - I, at 2 =0 (13)
and defdz = O at z = 1 (1k4)

The derivation of the solution of the differential equations (7)

to (9) with boundary conditions (10) to (14) is rather involved. The
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current, I, is expressed as a function of the distance by the relation

I- (2K7Tr§RT)/)Q‘F[{ &b exp(yo)}l/a exp(me/2)(de/d () + n ] (15)

where
a =1 L%/ !{rpr (16)
b = DrFcC/2KRT (17)
Y = '»7 F/2RT ( /6 assumed to be helf) (18)
m = QFIt/zrrr;KRT (19)
o = 2[a exp(y, + m)fou® |M/2 (20)
x = z/k (21)

K (X)L () = I (Xp) Ky ()

and defdof = [l-exp(-Eyo):\ 3 CO A O R R R (22)

C&l_and CQQ are the values of o evaluated at x = 0 and x = 1 respect-
ively.

Use of the possible numerical values of the constants of the
above gquations in equations (15) and (22) shows that o is always large.

Under these conditions, the equation for I reduces to

Iz/:t,c = (sinh K - sinh K(1-x))/sinh K (23)
where - 2DnF o
r C
I, = ——3/—(-—-——- [1 - exp(-EyO)_]’ca.nh K (24)
and K = (a/0)/2 exp (5,/2) (25)

This limiting case corresponds to one of only activation and coneentration



22

polarization in the pore.

Two limiting cases may be considered: when K is small,

tanh K <% K (26)
sinh K <> K (27)
sinh K(1 - x) 2=K(1 - x) (28)

Thus, equations (23) and (24) become

IZ/It =X (29)
and I, = (Trgoure®®)/A[ 1 - exp(-2y,) | (30)

Using K2 as given by equations (16) to (18) and (25) in (30), it follows
that the Tafel slope is 2RT/F and from (29) that there is a uniform
current distribution in the pore. This case corresponds to one of

. )
low io, high DnFc and low ’)?o.

The second case is when K is large. Under these conditions,

tanh K =1 (31)
sinh KZ-1/2 exp X (32)
sinh K(1 - x) <% 1/2 exp K (1 - x) (33)

Using equations (31) to (33) in equations (23) and (2k)

/1, = [1 - exp (-Kx)] (3k)
and It = (T"r;gaDn:E'co)/,(7 K[l - exp(-QyO)] (35)

In this case, the Tafel slope is LRT/F and is obtained for the case

when io is high, DnFc® is low or 770 is high,
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However, in both cases, the exchange current density influences
the total current generated in the pore. In the first case, It varies
linearly with i, whereas in the second, I, veries linearly with (io)l/z.
In the former case, the normal Tafel slope as for & planar electrode
is obtained, whereas in the latter, twice the normal Tafel is obtained.
Thus, it is quite clear that the use of porous electrodes alvne Goes
not eliminate the problem of electrocatalysis.

Figure 3 shows the overpotential-current relation in a singk

12, 1072 ang 1076 amp cmfa). Using the

pore for two values of i (10~
seme values of DnFco, the effect of the exchange current density on the
relations is clearly seen. Fig. 3 illustrates the effect of variation
of the parameter K on the current distribution within the electrode.

Plots in terms of the parameter K are quite convenient since from a few

plots one may predict the nature of the curves for variations in io,

7?0, D, co and r.

(ii) Case where only activation and concentration polarization

are present

As seen from the preceding section, for the most probabie values
of DnFco, the ohmic drop in the pore is insignificant. Thus, from the
general case of all forms of polarization, equations were obtained for
the limiting case of activation and concentration polarization using a
one-dimensional treatment. It is possible to carry out a two-dimensional
treatment for the case of only activation and concentration polarization
from anslogous problems in heat transfer. A comparison of the one

and two-dimensional treatments wes made and it was found that for high
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velues of the ratio I ,f-z , the current-potential behavior in both are
identical up to about 10% of the limiting current. Above this value

of the current, only the two-dimensional treatment is valid.

(iii) Case where only activation and ohmic polarization are

Eresent

This case is applicable when the product DnFc® is quite high,
€.8., Cl2 in aqueous solution or if liquid fuels soluble in the elec-
trolyte such as methanol are used. Another example is if the reactant
saturated electrolyte is circulated through the pore at a rate such that
there is no concentration gradient in the pore. The basic equations
necessary for solving this problem are equations (7) (with c, = %)

and (8). Two cases may be distinguished. When ';? o < 0.1V,

(tan(¥) .y
IZ Ty = (tan(')")no
and I = KT r5(RT/F) (21 F/K 1 R0)sinh(y /2) tan(¥)y o (37)
where F(k,¥) = J.y:iy‘/(l - x° sinzyz)l/a (38)
[¢]
with k = l/cosh(yo/Z) (39)
and cos Y = sin.h(yo/2) /sinh(y/2) (ko)

When “7 o > 0.1 V, the rate of the reverse step is so small in comparison

with the forward rate that it may be neglected. Under these conditions
Iz/It = tan Ax/tan A (b1)

and I, = [(hRT/,Q F)KT r:]A tan A (42)
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where A = (1, % /2K r 1) Y2 exp v /2 (43)

The relations (k1) and (L2) present in a simplified manner the
effect of variation of the parameters i, Tros K, ,Q s 77 o P¥ considering
only changes in the parameter A. A has to be less than 17'/2; when A =
/2, the current at z = { is co. Figures 4 and 5 show the variation
of I /I, end of (’)7 - ’70) vs z for different values of one of the above

parameters, keeping the others constant. For an :i.0 of 10'3 amp cm'z,

1w and r, = 107 em, and { = 107 cm, the behavior

with { = 1 obm™ cm”
corresponding to A = 1,55 is observed only at 771 = 0.4 V. Using the
same values of )}lrz end 1, but 1 = 10"6 amp cxn"e, the same current
distribution is obtained for 77 /( = 0.74 V and with io = 10-9 amp cm"2
at ’)']o = 1,09 V.

Using this parameter A, the current-potential relation in the

6 and 1072

pore may also be easily obtained. Such plots for i, = 10~
amp cm 2 are shown in Fig. 6 illustrating the electrocatalytic effect
of the substrate on the current obtainable from & porous electrode.

It is interesting to note that the current densities observed in this

3

case are many orders of magnitude (about 10~ times) than for the corres-

ponding case of activation and concentration polarization.
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Captions to Figures

The simple pore and thin film models. -
Overpotential-current density relation for case vwhere all forms of
polarization are considered. Assumed parameters: DnFc® - 10"7

1 1072 amp em™2; [~ 1079

anp cm'l, X =1 otm™ cm"l; 0= i

6

amp cm'a; A - 107° amp em™2,

Current distribution relaticns for case where all forms of polari-
zation are considered. Values of DrFc’ and X as in (2).
(a) Uniform current distribution in the pore, e.g., with i=

-12 2

10 amp cm a.nd')}:O.lV.

(®) 1 = 102 amp cm™? and M =01V

(c) i = 1072 amp cn™® and M = 0.65V
or i = 10712 amp em™2 and M =0.0LV
(@) 1 = 1079 amp cm and v = 0.65 V.

Current distribution relations as a function of parameter A for
case of activation and ohmic polarization. A values gre for

® 0.50; @ 0.60; 9 0.70; A 0.80; ¥ 0.90; 0 1,003 (J1.10; A 1.20;
¥ 1.30; X 1.k40; + 1.45; 0 1.50; @] - 1.55.

Potential distribution relations as a function of parameter A for
case of activation and ohmic polarization. Symbols for A values
same as for figure L.

Overpotential-current density relation for case of activation and

ohmic polarization. K: 1 ohm™1 cm-l; (a) i, = 1072 emp cm"a,

6

(v) i = 107" amp cm-z.
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P. 0. Box 516

St, Louis 66, Missouri

Monsanto Research Corporation
Everette 49, Massachusetts
Attn: Dr. J. 0. Smith

North American Aviation Co.
S & ID Division

Downey, Cealifornia

Attn: Dr. James Nash

Pratt and Whitney Aircraft Division
United Aircraft Corporation

East Hartford 8, Connecticut

Attn: Librarian

Radio Corporation of America
Astro Division

Heightstown, New Jersey

Dr. Seymour Winkler

Radio Corporation of America
Somerville, New Jersey
Attn: Dr. G. Lozier
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Cell Reports (cont'd.)

Speer Carbon Company

Research And Development Laboratories
Packard Road at L7th Street

Niasgars Falls, New York

Attn: Dr. L. M, Liggett

Svaniord Reseaich Insvitube
820 Mission Street
So. Pasadena, California

Attn: Dr. Fritz Kalhammer

Thiokol Chemical Corporation
Reaction Motors Division
Denville, New Jersey

Attn: Dr, D. J. Mann

Thompson Ramo Wooldridge
2355 Euclid Avenue
Cleveland 17, Ohio

Attn: Mr, Vittor Kovacik

Unified Science Associates, Inc.
826 S. Arroyo Parkway

Pasadena, California

Attn: Dr, Sem Naiditch

Union Carbide Corporation
12900 Snow Road

Parmg, Ohio

Attn: Dr. George E. Evens

University of California
Space Science Laboratory
Berkeley 4, California

Attn: Prof. Charles W, Tobias

University of Pennsylvania
Philadelphia U4, Pennsylvenisg
Attn: Dr, Menfred Altman



Cell Reports (cont'd.)

Western Reserve University
Cleveland, Ohio
Attn: DProf. Ernest Yesger

Yardney Electric Corp.
New York. New York
Attn: Dr, Paul Howard

Lockheed Missiles & Space Co.
3251 Hanover St.

Palo Alto, California

Attn: Dr. George B. Adems

Mr. B. S. Baker

Institute of Gas Technology
State & 34th Streets
Chicago 16, Illinois

Mr. Peter D. Richman
President

Chem Cell Inc,

3 Central Ave.

East Newark, New Jersey 07029
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